Dynacortin is a novel protein that was discovered in a genetic suppressor screen of a Dictyostelium discoideum cytokinesis-deficient mutant cell line devoid of the cleavage furrow actin bundling protein, cortexillin I. While dynacortin is highly enriched in the cortex, particularly in cell-surface protrusions, it is excluded from the cleavage furrow cortex during cytokinesis. Here, we describe the biochemical characterization of this new protein. Purified dynacortin is an 80-kDa dimer with a large 5.7-nm Stokes radius. Dynacortin cross-links actin filaments into parallel arrays with a mole ratio of one dimer to 1.3 actin monomers and a 3.1 M K d . Using total internal reflection fluorescence microscopy, GFP-dynacortin and the actin bundling protein coronin-GFP are seen to concentrate in highly dynamic cortical structures with assembly and disassembly half-lives of about 15 s. These results indicate that cells have evolved different actin-filament cross-linking proteins with complementary cellular distributions that collaborate to orchestrate complex cell shape changes.
Cellular morphogenesis results from regional forces that work against the global material properties of the cell (reviewed in Ref. 1) . Changes in the cortical shape of a cell depend primarily on the actin filament network. Localized forces are either expansive as the result of new actin filament polymerization or contractile typically as a result of the activity of actin-based motor proteins of the myosin superfamily. The cell's material properties include the stiffness and surface tension, which are determined, in part, by the cross-linking of the actin cortical cytoskeleton. Actin-associated proteins determine the stability and the degree of cross-linking of the filament network and may help to identify the locations where expansive and contractile force generation may occur.
Cytokinesis is an elegant cellular process because both contractile force generation and new actin filament polymerization act in concert to produce the desired dynamic shape changes. A role for global and spatial activities has been well observed in Dictyostelium discoideum cytokinesis. Factors that are globally distributed and factors recruited to the cleavage furrow are both required for cytokinesis (reviewed in Ref. 2) . Genetically, an interaction between global and regional proteins has been demonstrated and from this at least two interacting genetic modules have been proposed to control cytokinesis (3) . The first module includes the actin-binding proteins cortexillin I and myosin-II (4, 5) . Myosin-II is a force generating protein that probably produces the majority of the force required for cell cleavage. Cortexillin I was originally identified biochemically as an actin filament-binding protein and has been demonstrated to collaborate with myosin-II to define a spatially restricted midzone of contractility (6) . The second module is a global pathway that is controlled by the RacE small GTPase and includes dynacortin and the actin bundling protein coronin (3, 7, 8) . Three of these proteins, RacE, myosin-II, and cortexillin I, have been shown to contribute to the bending modulus and/or surface tension (also in-plane elasticity) of the cell (9 -11) .
Dynacortin, originally discovered in a suppressor screen of a cortexillin I mutant cell line, is a novel protein of low complexity (100 hydroxyamino acids out of 354 total amino acids) (3) . The protein is distributed globally in the cell cortex and becomes enriched in cell surface protrusions. During cell division, it maintains its global cortical association, becomes enriched at the ruffling poles of the cell and appears to be diminished in the cleavage furrow. This is in stark contrast to the high enrichment of cortexillin I and myosin-II in the cleavage furrow cortex during this time (12, 13) . Furthermore, the distribution of dynacortin and the actin cross-linking protein coronin along the lateral cortex (regions between protrusions) depends on the RacE small GTPase. Dynacortin is a soluble phosphoprotein that is found in a complex with a large Stokes radius. Using a library complementation system for D. discoideum, a truncated cDNA of dynacortin, which encodes the carboxyl 181 amino acids of the protein, was isolated by its ability to suppress the loss of cortexillin I. In contrast, the full-length version of dynacortin did not suppress the cortexillin I mutants. Expression of the truncated protein caused a downshift in the apparent Stokes radius of the endogenous dynacortin complex, suggesting that the native dynacortin complex is multimeric. Together, these observations suggest that the suppressing version of dynacortin may be interrupting normal dynacortin function. Identification of dynacortin's biochemical activity is essential to understand the function of the protein complex and to begin to understand how perturbing this global activity can compensate for the loss of cortexillin I.
In this paper, we describe the purification of the native dynacortin complex from D. discoideum and demonstrate that it is homomeric. Since the purified protein from D. discoideum was limiting in amount, we expressed and purified a recombinant form from Escherichia coli. The recombinant protein has an identical Stokes radius to the native D. discoideum complex and directly binds and bundles actin filaments into complex arrays. The dissociation constant and the native cellular concentrations of this protein complex support a model whereby this soluble complex can directly bind and bundle actin filaments in vivo. Finally, using total internal reflection fluorescence microscopy, we demonstrate that dynacortin associates with dynamic cortical structures. All of our data indicate that cells have evolved different actin cross-linkers that localize in distinct regions of the cell but that collaborate to promote complex cell shape changes.
MATERIALS AND METHODS

Cell Culture and DNA Manipulations
D. discoideum cells were grown in standard DdHL-5 media (14) . For large scale preparations, 24 liters of cells were grown 2 liters at a time in 6-liter flasks while shaking at 200 rpm. Cells were grown to late log phase (as they just approached ϳ1 ϫ 10 7 cells/ml) before harvesting. For E. coli, BL21-CodonPlus(DE3)-RIL cells (Stratagene) were grown in standard LB with ampicillin and chloramphenicol for plasmid selection. Protein expression was induced when the cells reached an optical density at 600 nm of 0.6. Then, isopropyl-1-thio-␤-D-galactopyranoside was added to 1 mM and cells were allowed to grow an additional 4 h before harvesting.
For the E. coli expression plasmid, His-dynacortin pET14b, the dynacortin cDNA was moved from a precursor plasmid of pLD1A15SN: GFP 1 -dynacortin (3) into pET28b using SalI and NotI flanking restriction sites. The His tag, protease site, and T7 epitope tag along with the dynacortin cDNA were moved from pET28b using flanking NcoI and NotI sites into pET14b. This allows ampicillin to be used for plasmid selection rather than kanamycin, which is required for pET28b. The GFP-dynacortin and coronin-GFP constructs were described previously (3) and the GFP-RacE was generated in the same pLD1A15SN vector using a GFP tagging cassette as described for the dynacortin and coronin GFP fusion vectors (3).
Native D. discoideum Dynacortin Purification
For a purification experiment, typically 500 g of log-phase D. discoideum cells were used as starting material. Cells were harvested by centrifugation. The cell pellet was washed one time in 10 mM Tris, pH 7.4. Pellets were resuspended in cell lysis buffer (20 mM NaCl, 20 mM Na 2 VO 4 , 150 mM Hepes pH 7.1, 1 mM EGTA, 1 mM EDTA), and a mixture of protease inhibitors including the following: 0.1 mM phenylmethylsulfonyl fluoride, 150 M 1-chloro-3-tosamido-7-amino-2-heptanone, 80 g/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone, 1 g/ml benzamidine, 100 g/ml N␣-p-tosyl-L-arginine-methyl ester, and 5 g/ml leupeptin. Cells were lysed by freeze/thaw using liquid nitrogen. After lysis, extracts were centrifuged at 17,000 ϫ g for 30 min at 4°C. The supernatants were decanted and polyethyleneimine was added to a final concentration of 0.23%. Lysates were stirred gently for 5 min at 22°C. This cationic polymer allows the precipitation of negatively charged molecules such as nucleic acids and monomeric actin. Lysates were centrifuged again at 17,000 ϫ g for 15 min at 4°C, which resulted in complete clearing of the supernatant. The supernatant was collected and solid ammonium sulfate was added gradually to 45% saturation. After stirring gently for 15 min, the sample was centrifuged for 15 min at 17,000 ϫ g at 4°C. The 0 -45% ammonium sulfate fraction was recovered for subsequent chromatographic steps. Nearly 100% of the dynacortin was recovered during these initial precipitation steps as judged by Western analysis of supernatant and pellet fractions (Fig.  1A) . The first significant loss occurred during the dialysis of the large ammonium sulfate pellet. However, the apparent yield was higher, approaching 300%, after the polyethyleneimine precipitation probably as a result of epitope exposure as nucleic acids and lipids were removed from the preparation.
All chromatography steps were performed using either a Amersham Biosciences, Inc. FPLC system or a Waters MPLC system. All resins and prepacked columns were purchased from Amersham Biosciences, Inc. unless otherwise indicated. The D. discoideum ammonium sulfate pellet was resuspended in Buffer A (20 mM NaCl, 25 mM Hepes pH 7.1, 1 mM EDTA, 1 mM EGTA with the mixture of protease inhibitors). The solution was dialyzed overnight against the same buffer. After dialysis the solution of protein was collected, centrifuged at 48,000 ϫ g for 20 min to remove insoluble materials, and the protein concentration was determined using the Bio-Rad Protein Assay. The protein concentration was adjusted to less than 10 mg/ml for ion exchange. Typically, about 4 g of protein were recovered after the ammonium sulfate separation from 500 g of cells, which meant the volume was adjusted to about 400 ml. No more than 2 g of protein were applied to a 200-ml SP-Sepharose Fast Flow column at a time to prevent saturation of the resin. The Buffer A used was adjusted to pH 7.1. During initial development of the purification procedure, pH 6.5 and 8 were also tested. Only pH 7.1 allowed nearly 100% of the dynacortin to bind to the SP-Sepharose resin. After application, the protein was eluted in a linear gradient from 0% Buffer B to 65% Buffer B over 20 column volumes. Buffer B was the following: 1 M NaCl, 25 mM Hepes pH 7.1, 1 mM EDTA, and 1 mM EGTA. Because it took two runs to separate the entire sample, the dynacortin peaks, which centered around 7-8 mS/cm conductivity were recovered and combined, concentrated by 60% ammonium sulfate precipitation, and resuspended in 12 ml of Buffer A. This material was applied to a Sephacryl S300 26/60 size exclusion column equilibrated in gel filtration buffer (50 mM NaCl, 25 mM Hepes pH 7.1, 1 mM EDTA, 1 mM EGTA). The protein eluted from this column at approximately K av ϭ 0.25. The first half of the peak was collected; the second half was discarded because of a large fraction of contaminants. The protein was diluted 2-fold and applied to a Mono Q HR 10/10 column equilibrated in Buffer A. The flow-through was collected, concentrated on a Mono S HR 5/5 column using a step gradient and separated on a Mono P HR 5/5 column equilibrated at pH 7 using the chromatofocusing buffer system 96 and 74. The protein was eluted with a pH 7-6 gradient using the manufacturer's suggested buffer combination for this pH range (Amersham Biosciences Inc.). Two peaks of protein were eluted, a minor peak with an apparent pI of ϳ7.2 and a second major peak with an apparent pI of 6.8. The second peak (apparent pI ϭ 6.8) was applied to a Sephadex S200 10/30 size exclusion column. The protein eluted with a K av ϭ 0.18 on this column, comparable to the native unpurified and partially purified dynacortin complex.
Recombinant Dynacortin Purification
Since His-dynacortin was not well overexpressed in E. coli, presumably because of codon usage bias, a more elaborate purification protocol was required than may be typical for recombinantly expressed proteins. Cells were recovered by centrifugation and pellets were resuspended in the same buffer as D. discoideum cells except with only 10 mM Hepes pH 7.1 and without the 20 mM Na 2 VO 4 . E. coli cells were lysed with three passes through a French press at 1200 psi. Lysates were prepared exactly as the D. discoideum extracts with the polyethyleneimine precipitation and ammonium sulfate precipitation at 45% saturation. As with the native D. discoideum protein, only minimal dynacortin loss during these initial steps was detected by Western analysis. The ammonium sulfate pellets derived from E. coli lysates were resuspended in 12 ml of 10 mM Hepes pH 7.1 and were applied to the S300 26/60 size exclusion column equilibrated in 200 mM NaCl, 10 mM Hepes pH 7.1. The protein eluted at the same place as native dynacortin with an approximate K av ϭ 0.25. The appropriate fractions were pooled and applied to an 8-ml Ni 2ϩ /NTA (Qiagen) superflow resin column preequilibrated with "no salt" Buffer A (10 mM Hepes pH 7.1 only). After binding, the column was washed in no salt Buffer A and the protein was eluted with a gradient from 0% no salt Buffer B to 100% no salt Buffer B (10 mM Hepes, 500 mM imidazole, pH 8.0) in 8 column volumes. The peak of His-dynacortin was pooled and applied to a Mono S HR 5/5 column equilibrated in no salt Buffer A. The protein was eluted with a 22-column volume segmented salt gradient from 0% Buffer B to 100% Buffer B (1 M NaCl, 25 mM Hepes pH 7.1, 1 mM EDTA, and 1 mM EGTA). Recovered protein was pooled, diluted in no salt Buffer A and reapplied to the Mono S but was eluted with a 50% Buffer B step elution. This concentrated the protein for dialysis. For actin binding studies, the dynacortin was dialyzed overnight in 2 mM NaCl, 10 mM Hepes pH 7.1, 1 mM NaN 3 . For analytical ultracentrifugation, it was dialyzed into the same buffer except with 400 mM NaCl. Typically, around 0.3 mg of purified dynacortin were recovered per liter of cells and 10 liters of cells were used per purification.
Analysis by Analytical Ultracentrifugation
To determine the stoichiometry of the His-tagged dynacortin, the protein was subjected to equilibrium sedimentation analysis using a Beckman Optima XL-A analytical ultracentrifuge (Beckman Instruments). The monomer molecular mass of the purified protein was calculated to be 42,286 Da from the primary sequence. This was verified by matrix-assisted laser desorption ionization-time of flight mass spectroscopy using a Perseptive Voyager-DE RP Biospectrometry instrument (Stanford PAN Facility) where the monomer mass was determined to be 42,332 Da. The partial specific volume was calculated to be 0.715 ml/g. The solvent density was calculated for different salt concentrations by summing the incremental density contributions of the constituents. All calculations including temperature corrections were made by Laue's methods (15) . The solvents contained 128, 264, or 400 mM NaCl. The buffer contained 10 mM Hepes pH 7.1. Initial protein concentrations ranged from 7.5 to 30 M protein. Protein concentration was monitored by absorption at 280 nm. Initial concentration readings were taken at 3,000 rpm. The samples were centrifuged at 9,000, 11,000, 12,000, and 15,000 rpm for at least 26 h, then scans were taken every 2-4 h until the sample reached equilibrium. Absorption curves were integrated after equilibrium and compared with the integrated absorption of the initial scan at 3,000 rpm. The fractional amount of protein in the cell after reaching equilibrium compared with the initial sample was 1.0 Ϯ 0.02 (n ϭ 12; mean Ϯ S.E.), verifying that the measured molecular weight is accurately reflecting the population of protein and that there is no significant loss due to precipitation during the centrifugation. The M W,app was determined by fitting multiple data files to a single ideal species. Data were also fit to a model of an associating system of a monomer-dimer equilibrium. All fits were performed using the Microcal Origin software (Beckman Instruments).
Analysis of Actin Binding Properties
In Vitro Cosedimentation-Chicken skeletal G-actin was prepared from chicken breast using standard purification methods (16) . The actin was allowed to polymerize at high concentrations for 15 min at 22°C by the addition of ϫ10 polymerization buffer (500 mM KCl, 10 mM MgCl 2 , 10 mM EGTA, 2 mM ATP, 10 mM dithiothreitol, 100 mM imidazole, pH 7 (17) , to a final concentration of 1 ϫ polymerization buffer). Both actin and His-dynacortin were centrifuged to remove any aggregates before the assays were performed. Actin and His-dynacortin were mixed to appropriate concentrations and His-dynacortin dialysis buffer was added to normalize the volume of His-dynacortin buffer. The reactions contained a final concentration of 1 ϫ polymerization buffer. Samples were incubated for 1 h at 22°C and sedimented at 100,000 ϫ g (total actin binding) in a TL100 ultracentrifuge for 20 min or at 10,000 ϫ g (actin bundling) in a microcentrifuge for 20 min. Supernatant and pellet fractions were collected, resuspended to a final concentration of 1 ϫ Laemmli's sample buffer and equivalent amounts were loaded on 15% SDS-PAGE gels. Gels were stained in Coomassie Blue stain and destained in 10% acetic acid. Proteins were quantitated using an AlphaImager 2000 scanning densitometer (Alpha Innotech Corp.). The linear ranges for dynacortin and actin concentrations were determined so only appropriate amounts at each concentration were loaded on the gel for accurate quantitation.
Electron Microscopy-Various concentrations of His-dynacortin and 2 M F-actin were mixed in 1 ϫ polymerization buffer and incubated for ϳ1 h. Carbon-coated copper grids were incubated with the protein mixture for 2 min. The grids were washed two times in filtered 1 ϫ polymerization buffer or water and then grids were incubated in 2% uranyl acetate for times ranging from 2 to 4 min. Grids were allowed to air dry and were imaged using a Philips CM-12 electron microscope.
Fluorescence Microscopy-To examine the formation of actin bundles by light microscopy, actin filaments were stabilized with tetramethyl rhodamine-labeled phalloidin (Molecular Probes). Dynacortin was mixed with labeled actin filaments and viewed. Alternatively, flow cells were prepared so that different proteins could be added sequentially. Typically, actin filaments (1 M) were sheared by 10 passages through a 26-gauage needle and added to the flow cell. Then dynacortin (3-5 M) was added to one edge of the cell while on the sample stage. This allowed a gradient of dynacortin to form. Actin filament arrays and rings were observed but were biased to different regions of the gradient. The buffer used in flow cell experiments was 25 mM KCl, 25 mM imidazole, pH 7.4, 1 mM EGTA, 4 mM MgCl 2 , 10 mM dithiothreitol.
Cellular Concentration of Dynacortin
To determine the cellular concentration of dynacortin, whole D. discoideum cell lysates were prepared in cell lysis buffer from DH1 and Ax2 strains. Concentrations were determined using a Bio-Rad Protein Assay. Purified His-dynacortin was used as a standard and its concentration was determined using the calculated extinction coefficient, 19,060 M Ϫ1 cm Ϫ1 . Dilution series of each protein sample were separated by SDS-PAGE and transferred to nitrocellulose. The dynacortin protein was detected using rabbit anti-dynacortin polyclonal sera (diluted 1 to 40,000) (3) and goat anti-rabbit antibodies conjugated to horseradish peroxidase (Bio-Rad) (diluted 1 to 10,000). Immune complexes were detected using enzyme-coupled chemiluminescence (Amersham Biosciences Inc.). Dynacortin bands were quantitated by densitometry and densities were plotted versus the amount of input protein. The resulting lines were fit to a linear equation to identify the linear range. The densities from the five points from Ax2 and DH1 cells that fell in the linear range of the purified recombinant standard line were used to calculate the amount of dynacortin in the sample. After multiplying this amount by 2.9 to correct for epitope exposure observed during the purification of native dynacortin from D. discoideum (Fig. 1A , from the 290% yield during the first few steps of the purification), the protein represents 0.07% of the total cellular protein. To determine the concentration of dynacortin in the cell, the average diameter of D. discoideum cells removed from plates was estimated to be 8 m using a Coulter Counter (Beckman Coulter). This permitted the rough calculation of the cell's volume, assuming that the cell is a simple sphere. The total cellular protein concentration was measured to be 60 g/10 6 cells, which is in reasonable agreement with the published concentration of 50 g/10 6 cells (18).
Total Internal Reflection Microscopy
To monitor the dynamics of the GFP fusion proteins in vivo, cells were imaged in MES starvation buffer (25 mM KCl, 20 mM MES, pH 6.8, 2 mM MgSO 4 , and 0.2 mM CaCl 2 ) using a through the objective total internal reflection microscope. Excitation light was provided by a 488-nm argon ion laser (Melles Griot) and a ϫ100 (NA 1.65) objective (Olympus) was used for imaging. Cells were imaged in homemade anodized aluminum imaging chambers through 1.78 refractive index coverglasses. Emission light was collected using a Princeton Instruments PentaMAX intensified CCD and images were collected and processed using Winview (Roper Scientific). One-s frames were collected every second for 200 -400 frames. The movies were analyzed using NIH Image. Regions of interest were monitored by tabulating the modal intensity within a 100 pixel 2 (0.367 m 2 ) region versus time. Time frames of interest were fit to a single exponential equation to determine the rates of intensity change using KaleidaGraph (Synergy Software).
RESULTS
Purification of Native D. discoideum and Recombinant Dynacortin-In our previous study, we determined that native D. discoideum dynacortin separated on a size exclusion column with a large apparent Stokes radius of about 5.7 nm (3). To determine whether this complex is homomeric or heteromeric, we have purified it from D. discoideum. We developed a purification scheme that comprised polyethyleneimine and ammonium sulfate precipitations followed by a series of ion exchange, size exclusion, and chromatofocusing columns (Fig. 1A , see "Materials and Methods"). During the early phases of developing a purification protocol, it was difficult to purify the protein to homogeneity. This was partly due to the fact that dynacortin always eluted in somewhat broad peaks typically spanning a 30 mM change of salt concentration, probably due to multiple phosphorylation states of the protein. The difficulty also derived from the fact that dynacortin and the actin-related protein complex 2/3 (Arp2/3; reviewed in Refs. 19 and 20) showed considerable overlap in their fractionation properties on cationic and anionic exchange resins and by size exclusion. Both complexes also showed considerable co-fractionation on a Mono P column by chromatofocusing using a pH range of 7 to 5. However, by adjusting the ionic strength of the fractions pooled from the size exclusion column to 25 mM salt (conductivity about 3 mS/cm), all of the Arp2/3 complex bound to a Mono Q HR 10/10 column and much of the dynacortin also bound. However, a small amount of dynacortin (less than 25%) did not bind to this resin under these conditions. This protein was concentrated on a Mono S column and further fractionated on a Mono P column by chromatofocusing using an elution gradient of pH 7 to 6 (Fig. 1B) . This protocol provided nearly complete purification as judged by SDS-PAGE gels (a 4300-fold enrichment; see below) although the yields were too small to accurately quantitate the amount of recovery at this point. Sufficient quantities of protein were recovered, however, for size exclusion characterization with detection by Western im-munoblot analysis, and the purified protein had an identical size to the unpurified (not shown) and partially purified native D. discoideum dynacortin (Fig. 1C) . With the assurance that the native complex is homomeric (not heteromeric) and because the yields were so small, we purified recombinantly expressed His-tagged dynacortin from E. coli (Fig. 1D ). This recombinant protein had an identical elution profile from the same size exclusion column as the native D. discoideum complex (Fig. 1,  C and E) . We used the recombinant His-dynacortin for further biochemical studies.
Because the protein has such a large Stokes radius even though the monomer molecular weight (M r ) is only 37,800 for the native dynacortin protein and 42,300 for the His-tagged recombinant protein, we performed sedimentation equilibrium analysis of the recombinant protein to determine the stoichiometry of the complex. The apparent molecular weight (M W,app ) was 67,000 when the protein species was modeled as a single ideal species. This M W,app was independent of ionic strength, solvent density, and relative centrifugal force. The ratio of M W,app to M r is 1.59 (67.0/42.3). A few possibilities exist: the protein could be an associating system of a monomerdimer, the protein could be nonideal, or both. Nonideality can occur if the protein is particularly asymmetric in shape or can result from charge effects. A decrease in M W , app with increasing protein concentration is a strong indicator of nonideality and this trend was observed for dynacortin (not shown). We also used multiple data sets from a variety of speeds and modeled the system as an associating monomer-dimer. The best fits were obtained if the second virial coefficient was allowed to vary (settling on 6.5 ϫ 10 Ϫ6 ) and the association constant was at least 10
M
Ϫ1 . An example of this fit to one of the data sets along with the residuals is shown (Fig. 2) . Thus, at micromolar concentrations and because of its monodispersity by size exclusion chromatography, the sedimentation equilibrium data strongly indicate dynacortin is a dimer. Furthermore, given its dimer molecular weight and large Stokes radius, dynacortin is most likely highly asymmetric in shape.
Characterization of Dynacortin's Actin Binding Properties-
Since dynacortin localizes to actin-rich cortical domains of the cell (3), we tested whether the protein could bind actin filaments in vitro using cosedimentation assays. The protein co-
FIG. 1. Purification of native D. discoideum and recombinant dynacortin proteins.
A, a table showing the steps of purification of native dynacortin with the degree of purification (relative enrichment of dynacortin relative to total protein) and the yields indicated. B, a Coomassiestained gel of fractions collected from a chromatofocusing separation of purified native dynacortin. C, a plot of normalized dynacortin density of partially purified and completely purified native dynacortin and recombinantly expressed His-dynacortin proteins separated by high resolution size exclusion chromatography using a Sephadex S200 10/30 column. D, an example of purified E. coli expressed recombinant His-dynacortin separated on a Coomassie-stained SDS-PAGE gel. E, a Coomassie-stained SDS-PAGE gel of fractions from the size exclusion experiment in C, using His-dynacortin. The fraction numbers of the gel correspond to the fraction numbers of the density trace in C. The recombinant Hisdynacortin, like the native dynacortin, elutes with a K av of ϳ0.18 and an apparent Stokes radius of about 5.7 nm.
FIG. 2. Analytical ultracentrifugation analysis of the stoichiometry of the His-dynacortin complex.
Presented is an example of a fit (curved line) and the residuals from one data set (circles) to a model of a monomer-dimer associating system in which the molecular weight of the monomer is 42,286, the complex is a dimer (n ϭ 2), the second virial coefficient is 6.51223 ϫ 10 Ϫ6 , and K a ϭ 10
M
Ϫ1 . The fit parameters were acquired by fitting the model simultaneously to 10 data sets (X 2 ϭ 5.77125, df ϭ 781, p Ͼ 0.20).
sedimented with actin in both high-speed (total binding) and low-speed (bundling) assays, whereas in the absence of actin filaments, it remained in the supernatant fraction under both conditions. An example gel showing dynacortin and actin sedimenting at low speed is shown (Fig. 3A) . To determine the stoichiometry and affinity of dynacortin's actin binding activity, we used the high-speed sedimentation conditions where all of the polymerized actin sediments, allowing total binding to be measured. Under conditions of medium salt (1 ϫ polymerization buffer which contains 50 mM KCl), 10 M filamentous actin was titrated with dynacortin ( Fig. 3B) . 100% of the dynacortin bound to the actin up to nearly 15 M dynacortin, calculated from the monomer molecular weight. The binding saturated at 1.5 mol of dynacortin (0.75 mol of dynacortin dimers) to 1 mol of actin. This results in a binding model where 1 mol of dynacortin dimer saturates 1.3 mol of actin. By lowering the actin concentration to 1-2 M under the same salt conditions, the dynacortin-actin interaction entered the "binding" regime where the fraction bound varied around 50% and allowed the dissociation constant to be accurately measured (Fig. 3C) . By using the binding model in Fig. 3B , the mean K d was calculated to be 3.1 Ϯ 0.24 M (n ϭ 25; mean Ϯ S.E.). The measured K d was between 2 and 4 M using dynacortin from three different protein preparations. By lowering the salt concentration to 5 mM KCl, dynacortin and actin interactions were in titration range at submicromolar concentrations, indicating that the interaction is salt dependent. Given the high affinity, it was not possible to accurately measure the K d of total binding interactions in 5 mM KCl using the high-speed sedimentation assay. However, the same saturation ratio of 1 dynacortin dimer per 1.3 actins was observed under these salt conditions. We were able to measure the apparent affinity (K d ) for bundling under these salt conditions, which was 390 Ϯ 50 nM (n ϭ 7). The finding that dynacortin co-sediments with actin filaments at low speeds (10,000 ϫ g) suggests that dynacortin may cross-link actin into complex arrays. We examined the proteins by electron microscopy using uranyl acetate negative staining and fluorescence microscopy using fluorescent phalloidin-stabilized actin filaments. In the actin-alone controls, individual actin filaments were observed. When the actin was mixed with dynacortin, the actin was organized into large parallel arrays (Fig. 4, A and B) . These arrays could be quite extensive having diameters typically in the range of 100 -1000 nm in diameter. The bundles could also interlock, forming complex arrays (Fig. 4C) . Surprisingly, dynacortin also organized the actin filaments into rings (Fig.  4, D and E) . These rings were very uniform in shape and typically ranged from 2 to 5 m in diameter. By electron microscopy, it is apparent that these rings consist of circular arrays of actin filament bundles (Fig. 4D) .
This recombinant dynacortin was used as a standard to determine the cellular concentration of native D. discoideum
FIG. 3. Dynacortin binds and bundles actin filaments in vitro.
A, dynacortin and actin filaments co-sediment at 10,000 ϫ g, whereas neither protein alone sediments into a pellet under these conditions. The concentration of dynacortin is based upon the monomer concentration. This experiment was performed under low salt (5 mM KCl) conditions. B, using sedimentation force of 100,000 ϫ g, dynacortin titrated with 10 M filamentous actin saturating at 15 M bound dynacortin. One representative titration curve is presented. This saturation of 1. dynacortin (Fig. 5) . The cellular concentrations of dynacortin are in the range of 4 M (2 M dimer).
Analysis of Dynacortin Dynamics in Cells-In our previous work (3), we demonstrated that dynacortin co-localizes with actin and the actin bundling protein coronin in the cell cortex, particularly at cell surface protrusions such as pseudopodia and actin crowns. Example epifluorescence images of GFPdynacortin, coronin-GFP, and GFP-RacE small GTPase are shown (Fig. 6, A-C) . Cells expressing GFP-dynacortin have dynacortin-rich actin rings (Fig. 6A, arrow) , structures that may be the in vivo correlates of the dynacortin-actin rings constructed in vitro (Fig. 4, D and E) . To get an idea of the dynamic nature of the dynacortin-rich and coronin-rich structures, we have complemented our previous work by using total internal reflection fluorescence microscopy. This technique takes advantage of an evanescent wave created by the reflected light at the boundary between the glass and solution and allows illumination of an exponentially decaying field on the order of 100 -200 nm from the surface of the coverslip. This allows the cell surface to be continuously illuminated for video rate imaging while generating an image that is completely in focus. By epifluorescence imaging, cells cannot tolerate continuous illumination for long periods of time. Using total internal reflection fluorescence imaging, we monitored the distribution of GFP-dynacortin, coronin-GFP, and GFP-RacE for up to 15 min with continuous illumination without apparent deleterious effects on the cells (Fig. 6, D-I) . Both dynacortin and coronin were highly dynamic localizing to structures that formed and dissipated. We also electroporated cells with rhodamine-labeled rabbit skeletal globular actin. Qualitatively, the rhodamine actin formed similar structures; however, because the cells were less healthy from the electroporation, we did not examine them further (not shown). RacE, on the other hand, was uniformly distributed along the surface of the cell. Since RacE has a carboxylterminal prenylation motif (8) , it is likely tethered directly to the plasma membrane and so is reflecting the position of the membrane. We quantitated the dynamics of the GFPdynacortin, coronin-GFP, and GFP-RacE by monitoring the modal intensity of the fluorescence within a 100-pixel 2 region over time. Example traces are shown (Fig. 6, G-I) . The regions of the traces that were either growing or decaying were fit to a single exponential equation and rates, correlation coefficients, and the half-lives were calculated (Table I) . Dynacortin and coronin showed very similar kinetics of accumulation and dissipation whereas RacE did not show any increase, only a very slow decrease, which may be due to photobleaching. Together, these data indicate that dynacortin is a novel actin bundling protein that concentrates with highly dynamic actin-rich cell surface structures.
DISCUSSION
Dynacortin is a novel protein discovered in D. discoideum by library complementation and multicopy suppression of a cyto- kinesis-deficient strain of cells devoid of cortexillin I (3). Cortexillin I is an actin filament-bundling protein that is highly enriched in the cleavage furrow cortex during cytokinesis (5, 13) . A construct of dynacortin was isolated in a genetic selection experiment designed to select for suppressors of cortexillin I. The cortexillin I suppressing version of dynacortin included only the carboxyl 181 amino acids (about half) of the protein.
This construct also caused a downshift in the apparent size of the endogenous dynacortin. Since the full-length dynacortin construct failed to complement the cortexillin I mutant and in fact caused a dominant cytokinesis defect, it is likely that the suppressor molecule was functioning as a dominant-negative mutation. Furthermore, dynacortin is distributed around the cell cortex during cytokinesis, appears excluded or reduced in the cleavage furrow cortex, and becomes enriched in the polar ruffles.
A genetic model for cytokinesis in which the global shape control pathway (dynacortin, coronin, and RacE) is antagonized by the equatorial contractile pathway (cortexillin I and myosin-II) has been proposed to integrate these observations (3) (Fig. 7) . Here, we demonstrate that dynacortin is a novel actin filament-bundling protein. Since cytokinesis is a mechanical process, it is likely that actin bundling proteins contribute to the material properties of the cell, creating spatially restricted regions (stiffness persistence) that allow the cortex to be remodeled in specific ways (1). Indeed, using atomic force microscopy, regional stiffness differences have been observed in mammalian cell culture cells undergoing cytokinesis (21) . The myosin-II, cortexillins, and RacE proteins are known to be required for membrane bending stiffness and surface tension (also in-plane elasticity) (9 -11) . Since the normal distribution of dynacortin depends, in part, on the RacE small GTPase, it is plausible that dynacortin contributes to a global cell stiffness. Dynacortin's actin filament bundling activity is consistent with a role in cell stiffness.
These observations suggest that cells have evolved different actin filament bundling activities that reside in different locations in the cell to orchestrate complex cell shape changes (Fig.  7) . Using distinct actin bundling activities may allow cells to more easily regulate the actin cross-linking activities in specific ways and may possibly allow different types of structures to be assembled. Dynacortin is a phosphoprotein and phosphorylation may modulate the localization and/or actin bundling activity of the protein. Given the cellular concentrations of actin filaments (70 M) (22) and dynacortin dimers (2 M) and the measured K d of the His-dynacortin-actin interaction in vitro (3 M), 90% of the dynacortin could be bound to actin in the cell. Yet, dynacortin is soluble in crude extracts (3) . Since dynacortin binding to actin filaments is affected by ionic strength it is very plausible that phosphorylation could affect the K d for actin binding by affecting the on or off rates or both. Indeed, understanding dynacortin's phosphorylation may be crucial to understanding the in vivo regulation of dynacortin's actin filament bundling activity.
Dynacortin depends on the RacE small GTPase for localization to the lateral cortex (3). Perhaps RacE recruits and regulates dynacortin-mediated actin filament cross-linking by regulating a kinase for dynacortin. Rac-family proteins also activate IQGAP proteins, which modulate and regulate the recruitment of the actin-myosin cytoskeleton to the bud neck in yeast (23, 24) . Two IQGAP proteins have been invoked in modulating Rac1-mediated cytoskeletal changes in D. discoideum (25) . These proteins have been shown to form a complex with the cortexillins and to be required for normal recruitment of the cortexillins to the cleavage furrow cortex (26) . These same IQGAP proteins or other related proteins could modulate dynacortin's localization and activity. Other Rac family proteins may also regulate dynacortin recruitment and/or actin cross-linking in other cortical structures such as actin crowns and phagocytic cups (27, 28) . Finally, since dynacortin is a novel protein with such an unusual amino acid composition, discerning its actin bundling mechanism will be of interest. It is particularly intriguing that a single protein can drive the formation of such distinct actin bundle structures, actin bundle networks, and actin bundle rings. Dynacortin's ability to bundle filaments into rings is intriguing since the protein is found in vivo to localize to circular rings of actin such as actin crowns and phagocytic cups (3) . While other actin bundling proteins may be able to form such structures, here we demonstrate that only actin filaments and dynacortin are necessary to form rings in vitro. Dynacortin might be able to bear some load since an actin filament has a persistence length of 9 m (29) and many of the rings are as small as 2 m in diameter (6 m circumference; 1 m radius of curvature). Since dynacortin-actin rings can be easily assem-
TABLE I Quantitation of the dynamics GFP-dynacortin, coronin-GFP, and GFP-RacE at the ventral cell surface
It should be noted that NIH Image treats black regions or absence of signal as the maximal color intensity and white regions or maximal signal as the minimal color intensity. Thus, a decrease in modal intensity reflects an increase in GFP accumulation and vice versa. Therefore, the signs of growth are negative and the signs of decay are positive. k is the rate constant in s Ϫ1 ; R is the correlation coefficient from the fits of the data to a single exponential, and t 1/2 is the calculated half-time. All differences between GFP-dynacortin and GFP-coronin are not significant: p Ͼ 0.10. GFP-RacE is significantly different from the other two: p Ͻ 0.00005 (one tailed t-test). A working model to integrate the genetics, cell biology, and biochemistry of cytokinesis in Dictyostelium discoideum (3). In this model, two modules are proposed to interact to promote cell division. A global pathway is presided over by RacE and includes coronin and dynacortin. This pathway may control the global shape and material properties (stiffness) of the cell. The global pathway is antagonized by the equatorial pathway, which includes cortexillin I and myosin-II. Myosin-II generates contractile force and cortexillin I crosslinks actin filaments, possibly to generate a localized increase in stiffness. Dynacortin was isolated because a construct that encodes only the carboxyl-terminal 181 amino acids rescued mutants devoid of cortexillin I. This construct may act as a dominant-negative protein that inhibits normal dynacortin function. In this paper, we demonstrate that dynacortin also acts on the actin-filament network, cross-linking it into arrays. Together, these data point toward interacting modules that act upon the actin filament cytoskeleton to orchestrate the complex cell shape changes of cytokinesis.
bled in vitro, in future work we will be able to study their assembly pathways and structure. This may serve as a useful model for other types of actin ring structures that are found elsewhere in nature such as in the intercellular bridges that connect germline cells in a variety of metazoans (reviewed in Ref. 30) .
Although a direct connection to the Arp2/3 complex seems unlikely, a question still remains as to why dynacortin cofractionates with the Arp2/3 complex so extensively. The most likely explanation is that since both have a common interactor, actin filaments, the co-fractionation may reflect a similar charge distribution on each of the protein complexes. It is certain that the Stokes radius similarity is serendipitous. However, it is intriguing that the Arp2/3 complex localizes to cell surface protrusions and is found most concentrated at the poles of the cell during cytokinesis (31) , which are similar to the patterns of localization seen for dynacortin (3) . So far, preliminary experiments have not indicated an effect by dynacortin on Arp2/3-mediated nucleation of actin polymerization. However, we are exploring the types of structures that might be built from Arp2/3-nucleated dendritic actin meshworks (32) that are then bundled by dynacortin.
